Two novel heterozygous substitution mutations in MIR184 were identified in the two patients with isolated keratoconus: miR-184(+8C>A) and miR-184(+3A>G).
Introduction
Keratoconus (MIM#148300), a common disorder of the corneal shape and structure 1 , is the leading indication for corneal transplantation in the developed world 2 . Clinically, keratoconus manifests as a bilateral, non-inflammatory progressive corneal ectasia in which the cornea protrudes and thins, manifesting as progressive myopia and irregular astigmatism 1, 3 .
Clinically, the severity of keratoconus ranges from the mild subclinical forme fruste keratoconus to myopia and irregular astigmatism to severe progressive conical protrusion, scarring, or blindness 1, 3 . Keratoconus is a lifelong condition which is a significant health burden in work-age adults, affecting quality of life 4 . Despite the visual and social impact of keratoconus 5, 6 , the underlying biochemical processes and pathobiology remain poorly understood 1 .
There is strong evidence that keratoconus has a genetic basis 1, [7] [8] [9] [10] [11] , but, to date, few if any genes have been identified. Mutations in the visual system homeobox gene 1 (VSX1; MIM*605020) on 20p11.2 (KTCN1; MIM#148300) have been described in keratoconus 12 .
However, this has proved a controversial finding 13 , and further studies excluded sequence changes in the VSX1 gene as the cause of disease in their patient populations [14] [15] [16] , demonstrating that VSX1 is not a major cause of keratoconus. In the superoxide dismutase 1 gene (SOD1; MIM*147450), a heterozygous 7bp deletion in intron 2 (IVS 2+50 del 7) was identified in two families with keratoconus 17 but other groups have failed to detect SOD1 mutations in their patient cohorts 16, 18 . Genome wide association studies (GWAS) have been conducted in keratoconus cohorts and identified SNPs in the hepatocyte growth factor (HGF; MIM*142409) 19 , RAB3 GTPase activating subunit 1 (RAB3GAP1; MIM*602536) 20 , and lysyl oxidase (LOX; MIM*153455) 21 associated with keratoconus susceptibility.
We recently identified a mutation miR-184(+57C>T) in the seed region of miR-184 (encoded by MIR184 [MIM*613146]) responsible for familial severe keratoconus combined with early-onset anterior polar cataract by targeted resequencing of a 5.5 Mb linkage region at 15q22-q24 known to contain the mutation 22 . A second identical mutation in MIR184 has been recently reported in a family with endothelial dystrophy, iris hypoplasia, congenital cataract, and stromal thinning (EDICT) syndrome (MIM#614303) 23, 24 . Axial myopia is associated with keratoconus and keratoconic eyes have on average longer axial and posterior segment lengths than emmetropic eyes 25 . In order to investigate the phenotypic spectrum resulting from MIR184 mutation and potential genotype-phenotype relationships, we sequenced MIR184 in a keratoconus cohort of mixed ethnicity and a Chinese cohort with axial myopia.
A known SNP, rs41280052, located within the pre-miR-184 sequence was investigated to identify a possible association with keratoconus.
Methods

Patients
Clinically affected keratoconus patients were recruited as part of ongoing studies from A cohort from a Han Chinese population with axial myopia was recruited as part of ongoing myopia genetics studies [26] [27] [28] at The Hong Kong Polytechnic University. Myopic subjects were excluded if they showed obvious signs of ocular disease or other inherited disease associated with myopia.
All studies adhered to the tenets of Declaration of Helsinki, and were approved by the relevant institutional review boards, with all participants giving written informed consent.
PCR Amplification and DNA Sequencing
Genomic DNA was extracted from peripheral blood leukocytes from all subjects using commercial kits according to the manufacturer's instructions. supplemented with 10 % fetal calf serum and 100 μg/ml Primocin TM (InvivoGen, USA).
Transfections were performed using TurboFect Transfection Reagent (Fermentas, UK)
according to the manufacturer's protocol. At least three independent biological replicates were performed for each transfection (untransfected control: n = 3; WT: n = 3; miR-184(+3G>A): n = 6; miR-184(+8C>A): n = 3). RNA was extracted from the cells 20 hours after transfection using miRNeasy Mini Kit (Qiagen, UK) according to the manufacturer's instructions.
Quantitative Real Time PCR (RT-qPCR)
RT-qPCR was performed using TaqMan values were calculated using LightCycler 480 software 1.5 (Roche, UK) and then differences in expression were analysed with the relative expression software tool (REST) 31 . Differences in expression were considered statistically significant at P < 0.05.
rs41280052 SNP genotyping assay
The genotype of SNP rs41280052 in 692 Caucasian keratoconus cases was determined through the sequencing of the MIR184 gene. Unaffected individuals (n=1865) were obtained from the Blue Mountains Eye Study. All were Caucasian aged over 49 years of age and had an ophthalmological examination; the recruitment of this cohort has been described previously 32 . Unaffected controls were genotyped using a custom designed Taqman SNP genotyping assay and Taqman SNP Genotyping Master Mix performed according to manufacturer's protocols on a StepOnePlus Real Time PCR instrument (Life Technologies;
Mulgrave, Victoria, Australia) (https://www5.appliedbiosystems.com/tools/genotyping/).
Association of the SNP with keratoconus was assessed by Chi-square test. Therefore, the cataract observed in the mother and her two sons is not related to this mutation. As neither parent displays keratoconus, this mutation appears to be associated with reduced penetrance in the father, or alternatively is not the causative mutation in this family.
Results
MiR
MiR-184 modelling
In order to model the effects of these mutations on the miR-184 stem loop stability and secondary structure, we used the mFold 30 changes an adenine residue which normally binds to a uracil in the wild type miR-184 stem loop structure, to a guanine residue, resulting in a reduced base pair probability. For the mutation at position 8, substitution of a cytosine residue which normally binds guanine in the wild type miR-184 stem loop structure, to adenine residue increases a bulge of non-paired residues from six to eight (demonstrated in Figure 2 ).
Ex vivo miR-184 expression analysis
Expression levels of mature miR-184 were analysed by stem-loop RT-qPCR relative to miR-
(data not shown) and miR-218 expression levels (Figure 2). Both reference microRNAs
showed constant expression in all samples and delivered comparable results. As expected, untransfected HEK293T did not express miR-184 and a statistically significant increase in miR-184 expression was observed after transfection with WT miR-184 (P < 0.001).
Transfection of miR-184(+3A>G) and miR-184(+8C>A) showed statistically significant reduction of miR-184 levels compared to transfected WT miR-184 (P = 0.002 and P = 0.022 respectively). While miR-184(+8C>A) almost completely repressed the expression of miR-184, miR-184(+3A>G) reduced the expression of miR-184 by approximately 40%. reported on dbSNP (Build 137) were 0.6% (1000 Genomes Project data) and 2.1% (ClinSeq project) 33 .
SNP Association
Discussion
MicroRNAs ( was reported in a family with EDICT syndrome 23, 24 . At this time we are unable to confirm whether the MIR184 mutation arose independently or whether the families are distantly related. The corneal phenotype in EDICT syndrome was described as non-ectatic thinning with a uniform corneal steepening on corneal topography 39, 40 . That is, the corneal phenotype was not typical of keratoconus clinically or histologically 39, 40 . The Northern Irish family in whom we identified the MIR184 mutation [miR-184(+57C>T)] 22 had clinical and topographic features of severe keratoconus 39 . In order to determine the role of MIR184 mutations in the development of keratoconus, we sequenced MIR184 in a large keratoconus cohort of mixed ethnicity from the UK, India and Australia. Our data expands the current phenotypic spectrum for MIR184 mutations which ranges from keratoconus to keratoconus associated with cataract 22, 41 to complete anterior segment dysgenesis 23, 24, 40 . Screening of MIR184 in a cohort of 96 myopia patients from Hong Kong did not reveal any mutations, indicating that in this patient population MIR184 does not play a major role in myopia pathogenesis.
We detected two novel heterozygous mutations in MIR184 in a two keratoconus patients, both of Caucasian origin: miR-184(+3A>G) and (+8C>A). These patients had definitive evidence of keratoconus on slit lamp examination and corneal topography, indicating the role of MIR184 mutation in the pathogenesis of isolated keratoconus. Given that the penetrance of the miR-184(+3A>G) mutation is not complete and we were unable to verify segregation of the miR-184(+8C>A) mutation, computational modelling and functional assays were 44 .
Identification of miR-184 target genes and regulatory pathways may explain the phenotypic 
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